Introduction {#Sec1}
============

In the treatment of wounds (breaks in the skin), it is important to protect the wound from dehydration, bacterial contamination, and allow drainage of exudates, while at the same time permitting oxygen to reach the affected area \[[@CR1]\]. Hydrogels based on poly(2-hydroxyethyl methacrylate) (pHEMA) are widely studied for biomedical applications due to their swellability, oxygen permeability, and biocompatibility \[[@CR2]--[@CR4]\]. Addition of an antibacterial agent is however necessary for such hydrogels to control bacterial infection. Recently, pHEMA hydrogels containing the antibiotic ciprofloxacin have been characterized for the dressing of burns \[[@CR5]\]. As in most passive drug delivery systems, delivery of ciprofloxacin is diffusion controlled and can be modulated to some degree by varying the degree of cross-linking within the polymer matrix. To address the controllability of drug release, in the present work, we report simple fabrication of a hybrid material consisting of a pHEMA core containing a light activated nitric oxide donor (NO donor) and a polyurethane (PU) coating. NO was selected as the antibiotic agent to avoid concern over the use of antibiotics and the emergence of antibiotic resistant strains of bacteria in hospital and community environments \[[@CR6]--[@CR8]\]. The role of NO in the non-specific immune response \[[@CR9]\], the utility of NO/NO-donors in mimicking innate immunity \[[@CR10]\], as well as the role of NO in wound repair \[[@CR11]--[@CR13]\] have been well established in recent years. Upregulation and expression of inducible Nitric Oxide Synthase (iNOS) in macrophages has been observed in conjunction with inflammation and the immune response to infection. NO and its congeners (such as peroxynitrite, ONOO^−^; nitrogen dioxide, NO~2~, and dinitrogen trioxide, N~2~O~3~) deaminate DNA and modify proteins and lipids \[[@CR9]\]. This type of general oxidative stress is in contrast with the mode of action of other antibiotics, most of which fall into a few structurally (and functionally) related classes.

Numerous studies have been performed to explore the antimicrobial properties of NO from various NO-donors \[[@CR9]\]. The antibiotic utility of these NO donors seems to vary widely depending on the source of NO, the strain of bacteria, and the experimental conditions. Selective antimicrobial action of dilute NO gas (200 ppm) has also been demonstrated in *Staphylococcus aureus* (*S.* *aureus*), methicillin-resistant *S.* *aureus*, *Escherichia coli* (*E.coli*), Group B *Streptococcus*, *Pseudomonas* *aeurginosa* (*P.* *aeurginosa*), and *Candida* *albicans*(*C*. *albicans*) \[[@CR14]\]. This dose was not found to adversely affect fibroblast cultures. Since NO is rapidly oxidized in presence of oxygen, both handling and controlling of NO administration are more easily accomplished via employment of suitable NO donors. Schoenfisch and coworkers have demonstrated *decreased bacterial adhesion* to implanted devices and sensors coated with diazeniumdiolate conjugated xerogels \[[@CR15], [@CR16], and references therein\]. Diazeniumdiolates however release NO upon hydration. Hence, once introduced to the physiological milieu, hydrolysis of NO from the parent material is almost diffusion controlled. While the lack of control over NO release does not affect the utility of the xerogels in the stated applications, systems like this can hardly be employed to deliver NO to a targeted area.

With the goal of isolating site specific NO donors in mind, we have developed a series of photoactive NO donors that can deliver NO to a variety of biological targets. These photoactive NO-donors include the Ru and Mn nitrosyls (NO complexes) \[Mn(PaPy~3~)(NO)\]^+^ (1a), \[Ru(PaPy~3~)(NO)\]^2+^ (1b), \[Mn(PaPy~2~Q)(NO)\]^+^ (2), \[(Me~2~bpb)Ru(NO)(4-vpy)\]^+^ (3), and \[((OMe)~2~bQb)Ru(NO)(Resf)\] (4, Fig. [1](#Fig1){ref-type="fig"}[1](#Fn1){ref-type="fn"}). Solutions of these nitrosyls have been used to deliver NO to proteins, enzymes, cells and tissues \[[@CR17], [@CR18], [@CR19]\]. In order to control the timing and site specificity of light-triggered NO-release with these nitrosyls, the complexes 1a and \[Mn(PaPy~2~Q)(NO)\]^+^ (2) have been incorporated into polyurethane (PU) coated sol--gel hybrid materials \[[@CR20], [@CR21]\]. The ruthenium nitrosyl \[(Me~2~bpb)Ru(NO)(4-vpy)\]^+^ (3, 4-vpy = 4-vinylpyridine) was covalently incorporated into a hydrogel material via copolymerization with 2-hydroxyethyl methacrylate (HEMA) and ethyleneglycol dimethacrylate (EGDMA, cross-linker) \[[@CR22]\]. All these materials demonstrate the ability to transfer NO to reduced myoglobin upon illumination with UV light. In biomedical applications, it is often desirable to avoid the use of UV light. Along this line, the dye-tethered nitrosyl 4 (Resf = resorufin dye aborbing strongly at \~500 nm) acts as a NO donor under illumination with visible light and promotes NO-induced apoptosis in human breast cancer cells \[[@CR23]\].Fig. 1Designed metal nitrosyls that release NO upon exposure to light

In order to explore the bactericidal activity of these designed metal nitrosyls, we have now looked into the ability of hydrogel disks consisting of a pHEMA core containing 1a (1a~x~ · HG) coated with PU. Initial modified dilution assay with such materials indicated that NO generated by these materials alone is generally insufficient to cause significant bacterial death in case of *E.coli* or *P.* *aeurginosa*. The levels of NO photoreleased from the disks most possibly are not sufficient enough to cause serious damage to the microorganisms in the growth media. Pacelli and coworkers have circumvented situations like this by potentiating the detrimental effects of NO (delivered by diethylamine(DEA)/NO) on bacterial suspension by addition of a secondary agent namely, H~2~O~2~ \[[@CR24]\]. The synergistic cytotoxicity arising from the combination of reactive oxygen species (ROS) and NO was sufficient to suppress the bacterial growth by several orders of magnitude in their experiment. Wright and coworkers have demonstrated photobacterial activity of phenothiazinium dyes (such as methylene blue, MB) against methicillin-resistant *S. aureus* \[[@CR25]\]. We therefore decided to augment the photobacterial activity of the 1a~x~ · HG by addition of growth attenuators like H~2~O~2~ and MB. In this paper, we report the results of studies on the efficacy of 1a~x~ · HG toward killing *E.* *coli* and *P.* *aeurginosa*. In particular, we describe (a) the synthesis and characterization of 1a~x~ · HG and 1a~x~ · HG^MB^, the hydrogel containing the Mn-nitrosyl 1a of different concentrations x and (b) an assay to determine the enhancement of antibacterial power of 1a~x~ · HG via photorelease of NO in the presence of hydrogen peroxide (H~2~O~2~) and methylene blue (MB). The results described below show an interesting strain-specificity in response to the photoreleased NO under the experimental conditions.

Materials and methods {#Sec2}
=====================

Praparation of pHEMA hydrogels {#Sec3}
------------------------------

A batch of 3.4 g (26 mmol) of medical grade HEMA (Sigma-Aldrich, St. Louis, MO) and a batch of 0.18 g (0.91 mmol) of EGDMA (Sigma-Aldrich, St. Louis, MO) were added sequentially to 0.96 ml of deionized water and stirred until homogeneous. The prepolymer mixture was degassed by three freeze-pump-thaw cycles. A batch of 0.005 g (0.022 mmol) of ammonium persulfate and a batch of 0.005 g (0.026 mmol) of sodium metabisulfite were dissolved in 0.96 ml deionized water and deoxygenated by bubbling nitrogen through the solution. The resulting solution of initiators was then added to the prepolymer mixture under nitrogen. The mixture was transferred to ten Eppendorf tubes (0.5 ml each) and refrigerated (0°C) in an ice bath overnight. For the nitrosyl-containing hydrogels (1a~x~ · HG), 0.05 g (0.08 mmol) or 0.1 g (0.16 mmol) of \[Mn(PaPy~3~)(NO)\]ClO~4~ (1a, \[[@CR26]\], the subscript x refers to the molarity of 1 in the prepolymer) was added to the prepolymer mixture before degassing. The concentrations of 1 in the resulting gels were 16 mM and 32 mM, respectively. To make gels containing 0.2 g (0.32 mmol) 64 mM) 1, the amount of crosslinker (EGDMA) was doubled (0.36 g, and the amount of HEMA reduced to 3.2 g) to give gels of similar rigidity. The concentration of 1a was 64 mM (x = 64) in this material. The blank hydrogels were completely clear and the nitrosyl-containing hydrogels were transparent and dark green. The hydrogels were easily sliced by razor blades. The hydrogels were sliced into 1 mm thick disks with the assistance of a custom-made gel-slicer. The 1 mm disks were then coated twice with a solution of 1 g polyurethane (Tecoflex SG-80A, PU) dissolved in 10 ml of THF. A set of disks was coated with a solution of PU (1 g) containing 1 mM methylene blue trihydrate (0.0037 g) in 10 ml methylene chloride. These materials are denoted with the superscript MB to the right of HG (e.g. 1~16~ · HG^MB^). Coated gels were stored in humidity chambers (60%) at 0°C until use.

Characterization of the hybrid materials {#Sec4}
----------------------------------------

The water content of the gels with different amounts of cross-linkers was measured by equilibrating the coated hydrogels in MilliQ purified water for 1 h. Longer immersion times did not increase the weight of the hydrated gels. This is most likely because only the PU coating absorbs water without transmitting it to the hydrogel core. Excess water was blotted away and the weight was recorded (*W*~*h*~). The gels were then lyophilized and the dry weight recorded (*W*~*d*~). The degree of swelling (*q*) was calculated according to the equation:$$\documentclass[12pt]{minimal}
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\begin{document}$$ q(\% ) = 100\% \times (W_{h} - W_{d} )/W_{d} $$\end{document}$$The NO releasing capacity of the gels was measured under aerobic conditions using an *ami*NO-2000 electrode (*in*NO Nitric Oxide Measuring System, Innovative Instruments, Inc.).

Bacterial cell culture {#Sec5}
----------------------

Strains of *E.* *coli* ATCC^®^ 25922^TM^ and *Pseudomonas aeruginosa* ATCC^®^ 27853^TM^ were received from the ATCC as freeze-dried cultures and revived per specifications into 5 ml cultures of trypticase soy broth (TSB), and streaked onto Trypticase soy plates. From these plates, colonies were picked and used to inoculate varying amounts (from 5 to 50 ml) of TSB, one colony per culture. The cultures were grown aerobically at 37°C for about 4 h, depending on the species and culture size, until the culture reached an A~600~ of 0.63 (UV-1601 Shimadzu spectrometer). The cultures were then put on ice for 15 min, and sterile-filtered (0.22 μm) DMSO was added to a final concentration of 7.5%. At this point the bacterial cultures were dispensed in to small aliquots, immediately frozen in liquid nitrogen, and then stored in a −80°C freezer until use.

Modified dilution assay {#Sec6}
-----------------------

Sets of three hydrogels (e.g., HG (control), 1a~16~ · HG (low NO dose), and 1a~32~ · HG, (high NO dose)) were each placed at the bottom of wells in a 96 well plate. A bacterial suspension was prepared by diluting 5 μl of the thawed bacteria to a total volume of 1 ml with 995 μl of TSB (\~1 × 10^7^ cfu/ml). When applicable, aqueous preparations of 1 mM methylene blue or 1 mM H~2~O~2~ were added to the TSB prior to the addition of the bacteria. For *P.* *aeruginosa*, the concentration of MB or H~2~O~2~ was 5 μM; for *E.* *coli*, the concentration of MB or H~2~O~2~ was 500 μM, (optimization data not shown). A 100 μl aliquot of the attenuated bacteria was then transferred to the wells with the gels and either incubated at room temperature under ambient light (D) or illuminated with 100 mW light for 20 min (L). In order to assess the bacterial survival, D and L cultures were then plated onto TSB agar plates, incubated for 16 h, and the resultant densities of colonies were qualitatively compared. Each experiment was performed a minimum of three times.

Results and discussion {#Sec7}
======================

Morphology of the hybrid material {#Sec8}
---------------------------------

The hybrid materials were prepared by mixing the NO-donor (1a) in the prepolymer mixture, followed by radical polymerization, and lastly dip coating the resulting hydrogels with polyurethane to prevent leaching of the NO donor. The structure of the hybrid material allows diffusion of NO gas, while retaining the NO donor and its photoproducts within the core.

Pictures of representative hybrid materials are shown in Fig. [2](#Fig2){ref-type="fig"}a. The control disks containing no 1a are clear. The hybrid materials containing 1a are transparent and dark green. In the case of gels coated with the mixture of methylene blue and polyurethane (but no 1a inside), the disks are vibrantly blue and translucent. The approximate dimensions are 5.9 ± 0.1 mm in diameter and 1.3 ± 0.1 mm in thickness. For SEM imaging, the disks were first frozen in liquid N~2~ and then lyophilized. As shown in Fig. [2](#Fig2){ref-type="fig"}b, no porous texture is observed in the lyophilized hydrogel material at the micrometer scale. Interestingly, pockets can be seen in the polyurethane coating (Fig. [2](#Fig2){ref-type="fig"}c). The thickness of the coating was evaluated by SEM imaging (Fig. [2](#Fig2){ref-type="fig"}d). The thickness is approximately 150 microns and does not vary appreciably due to formulation with MB.Fig. 2**a** Photographs of HG, HG^MB^, 1a~32~ · HG^MB^, and 1a~32~ · HG (clockwise from *top left*); representative SEM micrographs: **b** smooth surface of lyophilized hydrogel HG **c** pocketed surface of PU and **d** image of the hydrogel-PU interface

Composition of the materials {#Sec9}
----------------------------

The water contents of the gels are summarized in Table [1](#Tab1){ref-type="table"}. They were calculated using the swelling efficiency (% water/dry mass). The water content varies from 19 to 29% of the total dry mass. The standard deviations are however large (3--6%). We suspect that the thin gels lose a small amount of water during the dip-coating step. The concentration of 1a appears to have no effect on the water content of the gels. Interestingly, doubling the concentration of EGDMA does not seem to affect the water content of 1a~64~ · HG and 1a~64~ · HG^MB^. Usually one expects that increase in the amount of the cross-linker should decrease the degree of swelling. However, because of the polyurethane coating, we did not observe any change in the water content of 1a~64~ · HG and 1a~64~ · HG^MB^. The polyurethane constitutes 13--16% of the total dry mass, giving the coatings an approximate thickness of \~150 μm. Inspection of the data of Table [1](#Tab1){ref-type="table"} indicates that the presence of MB in the PU coat does not affect its water permeability.Table 1Degree of swelling (*q*) and percent polyurethane (%PU) coating in the hybrid materials*q*% PU*q*% PUHG26 ± 313 ± 3HG^MB^25 ± 313 ± 31a~16~ · HG19 ± 414 ± 41a~16~ · HG^MB^20 ± 314 ± 41a~32~ · HG29 ± 615 ± 31a~32~ · HG^MB^29 ± 415 ± 41a~64~ · HG26 ± 316 ± 31a~64~ · HG^MB^29 ± 416 ± 5

Some leakage of methylene blue was observed from the hybrid materials coated with MB-impregnated PU. During the 1hour equilibration period, the 1.5 ml MilliQ water became 0.3 ± 0.1 μM in MB. During the NO amperogram studies, an additional portion of MB diffused into the 100 μl aliquot of water giving concentrations of \~5 nM. This is significantly lower than the upper limit of tolerance reported in cases of intravenous administration of MB (5 mg/kg) \[[@CR27]\].

NO-release profile {#Sec10}
------------------

Over the course of the 20 min illumination time, the concentration of NO released into solution increases gradually for the first 3 to 5 min before reaching near steady-state NO flux. In a typical measurement with 1a~32~ · HG, the steady-state concentration of NO reaches a maximum at \~60 μM NO after 10 min of illumination before tapering off to \~50 μM by the end of the illumination time (Fig. [3](#Fig3){ref-type="fig"}). Since very similar NO flux was noted with 1a~64~ · HG and 1a~64~ · HG^MB^, these gels were not used further in the antibiotic efficacy assay. In case of 1a~16~ · HG, the steady-state concentration of NO was \~5 μM.Fig. 3Profile of NO photorelease from 1a~32~ · HG

Antibiotic properties of the hybrid materials {#Sec11}
---------------------------------------------

In the absence of any standardized assay for determining the antibiotic capacity of a gas-emitting hybrid material, we needed to develop an assay to determine the antibiotic efficacy of our NO-releasing material. Antibiotic susceptibility is generally evaluated by using the disk-diffusion (Kirby-Bauer) method or dilution assays. In the disk-diffusion assay, the diameter of the zone of inhibition (DIZ) depends on the diffusivity of the antibiotic as well as the bacterial strain. For example, a particular antibiotic with a low diffusivity will give smaller zones of inhibition, but the bacteria under investigation may be susceptible. This assay however has the advantage that it mimics the nutrient rich surface of a wound. Unfortunately, the gaseous nature of NO allows it to diffuse in all directions, not simply into the agar as in the disk-diffusion assay. Furthermore, in aerobic environments, rapid oxidation of NO results in quick conversion of NO to nitrogen dioxide (and other gases). In aqueous environments, NO is eventually converted into nitrite and nitrate. Indeed, placing our hydrogel disks on an agar surface seeded with bacteria, followed by illumination did not result in a measurable decrease in bacterial growth. Since we did not have a means to assess the concentration of NO released in the agar or the air above, we could not trace the fate of the NO released from the gels. In dilution assays, the compound of interest is dissolved (in different concentrations) directly in a suspension of bacteria. The suspensions are then plated to assess the degree of colony survival. The concentration at which no more bacteria grow is the minimum inhibitory concentration (MIC). Because we have access to the NO electrode, we can measure in real time the concentration of NO released by our gels in solution. As mentioned before, the concentrations of NO generated by our hybrid materials (\~60 μM) were insufficient to diminish bacterial growth. We therefore employed H~2~O~2~ \[[@CR24]\] and MB \[[@CR25]\] as auxiliary growth attenuators. Wainwright and coworkers have established the efficacy of MB as an antibiotic agent in solution \[[@CR25], [@CR28], [@CR29]\] as well as when incorporated into polymer films \[[@CR30]\]. The assay that we have employed in the present study is essentially a modified dilution assay in combination with H~2~O~2~ or MB as growth attenuators.

The results of antiobiotic efficacy studies with HG, 1a~16~ · HG, and 1a~32~ · HG are shown in Fig. [4](#Fig4){ref-type="fig"}. As shown in the left plate of top row of Fig. [4](#Fig4){ref-type="fig"}, the growth of *P.* *aeruginosa* was slightly affected when the bacterial growth media was illuminated in the presence of a hydrogel disk with MB only (HG^MB^). However, when the disk contained 1a~16~ · HG^MB^ (MB in its coat), exposure to light caused a significant decrease in the number of colonies of the surviving bacteria (middle slide, top row). That the decrease is due to photoreleased NO is confirmed by the complete killing of the bacteria when 1a~32~ · HG^MB^ was employed in the bacterial growth medium (right slide, top row).Fig. 4*Top* row: plates of *P.* *aeruginosa* after incubation with HG^MB^, 1a~16~ · HG^MB^, and 1a~32~ · HG^MB^ (*left* to *right*); middle row: plates of *P.* *aeruginosa* after incubation with 5 μM H~2~O~2~ and: HG, 1a~16~ · HG, and 1a~32~ · HG (*left* to *right*); *bottom* row: plates of *E.* *coli* after incubation with 500 μM H~2~O~2~ and: HG, 1a~16~ · HG, and 1a~32~ · HG (*left* to *right*). In each case, the left half of the plate was streaked with cultures kept in the dark while cultures exposed to light were used to streak the *right* side to show the effect of light

Similar results were obtained when H~2~O~2~ was used as the growth attenuator. When *P.* *aeruginosa* was incubated to HG (no MB in the coating) in presence of 5 μM H~2~O~2~ in the dark, no noticeable change in the growth was observed. Exposure to light caused minimal damage (left plate, middle row). Use of 1a~16~ · HG instead of HG however resulted in significant decrease in colony density (middle plate, middle row) and with 1a~32~ · HG, the growth was further arrested (right plate, middle row). In case of *E.* *coli*, the initial bacterial growth medium was first treated with 500 μM H~2~O~2~ because of the robust nature of the microorganism. As shown in the left plate of bottom row of Fig. [4](#Fig4){ref-type="fig"}, such treatment with H~2~O~2~ did not stress the microorganism to a great extent either in the dark or under illumination. However, presence of 1a~16~ · HG in the growth medium (in addition to 500 μM H~2~O~2~) clearly resulted in significant decrease in colony density (middle plate, bottom row) and further loss was evident when 1a~32~ · HG was employed (right plate, bottom row).

Our results (Fig. [4](#Fig4){ref-type="fig"}) clearly indicate that in presence of H~2~O~2~ as growth attenuator, photoreleased NO does diminish the colony-formation ability of both *P.* *aeruginosa* and *E.* *coli* (both gram-negative). Although 500 μM H~2~O~2~ alone was not sufficient to kill *E.* *coli*, combination of 1a~32~ · HG and 500 μM H~2~O~2~ almost abolished their colony-forming ability when exposed to light. We therefore conclude that the bactericidal effect in these cases arises from *the combination of ROS and NO*. It is noteworthy that only 5 μM H~2~O~2~ was required to kill *P.* *aeruginosa* with 1a~32~ · HG. Since MB also produces ROS in presence of light, its presence in the coating of 1a~16~ · HG^MB^ and 1a~32~ · HG^MB^ brings about complete elimination of *P.* *aeruginosa.* In case of *E.* *coli,* the concentration of MB in the coating of 1a~32~ · HG^MB^ was not sufficient enough to cause significant reduction in the number of colonies.

The activation of macrophages and subsequent NO generation has been implicated in fighting colonizing microorganisms \[[@CR9]\]. Although the exact mechanism of how NO exerts this microbicidal effect is still not fully understood, it is generally believed that the interaction of NO with oxygen and ROS results in reactive intermediates (such as ONOO^−^ and N~2~O~3~) with antimicrobial properties. The present results provide support to this hypothesis. The photoreleased NO clearly accentuates the antimicrobial activity when ROS (originating from H~2~O~2~) or singlet oxygen (arising from MB and light) is present in the growth media. Interestingly, in case of *E.* *coli*, the bactericidal effect is observed only when a higher dose of H~2~O~2~ (500 μM) is employed since the bacterium is known to scavenge NO more readily via respiratory detoxification of NO by a cytochrome *c* nitrite reductase \[[@CR31]\]. The absence of such a pathway in *P.* *aeruginosa* makes it more susceptible to the combination of NO and ROS (from low doses of H~2~O~2~) as evident by the results of this work.

Conclusions {#Sec12}
===========

Since NO has been associated with the prevention of microbial invasion \[[@CR9]\] and wound healing \[[@CR13]\], the fabrication of a hydrogel wound dressing that can deliver NO along with other growth attenuators (such as H~2~O~2~ or MB) is a very desired goal. The present results strongly suggest that materials such as 1a~32~ · HG and 1a~32~ · HG^MB^ could be used for such a purpose. One major advantage of these materials is the fact that release of NO can be conveniently controlled by exposure to light. As a consequence, the dressing can be illuminated from time to time to deliver NO *only* to the wound site and maintain antiseptic conditions. This approach might be superior to simple wash of the affected area with 3% solution of H~2~O~2~.
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PaPy~3~^−^ is the deprotonated form of the pentadentate ligand, *N,N*-bis(2-pyridylmethyl)amine-*N*-ethyl-2-pyridinecarboxamide (PaPy~3~H); The other ligands are: *N,N*-bis(2-pyridylmethyl)amine-*N*-ethyl-2-quinolinecarboxamide (PaPy~2~QH), 1,2-bis(pyridine-2-carboxamido)-4,5-dimethylbenzene (H~2~Me~2~bpb); 1,2-bis(quinoline-2-carboxamido)-4,5-dimethoxybenzene (H~2~(OMe~2~)bQb).
